Abstract: Planning, controlling, monitoring progress are key management functions for effective implementation of construction projects. Commonly used instruments enabling performance of these functions include schedules and budgets, often in the form of a cost estimate. They are created at the initial planning stage to monitor and control cost and time deviations. Moreover, popular monitoring techniques are, for example, observation of milestones and comparative analysis of actual versus planned costs. This article presents a work progress control tool -the Earned Value Method (EVM) -which, despite its benefits, remains relatively unused in construction projects. The impact of the planning phase on the results obtained during the monitoring and control phase when utilizing EVM is discussed. This case study provides practical examples of using EVM in the implementation of construction projects and with the use of computer software. The novelty of the article results from the introduction of additional sensitivity analysis illustrating the impact of factors, such as an increase in costs or a change in delivery dates to the course of deviation curves. Use of sensitivity analysis in relation to the results of the CPI and SPI calculations affords combining control of costs and time with risk monitoring in the project. The findings reveal significant benefits in using EVM to implement construction projects but also highlight some important limitations.
Introduction
Building projects are undertaken under high-risk conditions and are fraught with a high probability of change during the construction stage. The risk is associated with significant potential financial consequences that may arise, for example, from a delay in completion of the work. Thus, controlling and monitoring progress during the construction and investment process require systematic collection of information regarding the volatility of risk factors vis-avis financing and timely execution. This necessity constitutes a major challenge for project managers. As construction projects become increasingly technologically complex, many subcontractors and suppliers have to be simultaneously involved in project implementation. Consequently, ongoing control of costs and compliance with the schedule can become a difficult management task [1] .
What is even more difficult under these conditions is monitoring the construction process: this requires systematic collection of information to analyze a project's progress, budget and costs, schedule, and implementation risks. These efforts are undertaken to make decisions that ensure compliance with the established criteria. Traditional means of control are based on comparing (1) planned costs with actual costs incurred and (2) time planned for each task within the project versus the actual time incurred. Results of this comparison generally are insufficient to meet the scope of information necessary for optimal decision making. This is especially so when there are measures that have to be taken to prevent delays and over-budget expenditures.
A well-known method that affords collecting and analyzing comprehensive amounts of information about a project's progress is the Earned Value Method (EVM). EVM is well known and has been the subject of research aimed at its further development. An in-depth overview of literature related to EVM and its application was previously undertaken [2] .
Despite the many benefits of EVM, it is not widely used in the construction services sector in Poland. By presenting an example of an application of EVM in construction projects implemented in Poland, the article aims to en-hance knowledge about the capabilities and implementation aspects of EVM in relation to execution of construction projects. A case study is presented, which is initially preceded by a discussion of key findings taken from the foregoing literature overview.
Case study is a qualitative research method. It affords a thorough analysis of a given phenomenon. Accordingly, it serves as an adequate method for examining the conditions and results of using EVM in construction projects. Reviewed literature was taken from the Google Scholar and Scopus databases using the following keywords: EVM and monitoring of construction projects. Publications in 2011-2019 were included in the analysis.
Earned Value Method
EVM provides information about both the actual implementation progress and costs of a project. The calculated indicators also allow for proposing further steps in project development. Owing to observation of trends in the systematically recorded implementation progress, calculating the final cost and completion date of the project are possible [3, 4] .
The three core values used in EVM are Planned Value (PV), Earned Value (EV), and Actual Cost (AC). PV represents the planned cost of the material scope of scheduled work (the "base plan"). EV embodies the planned cost of the completed material scope of work (measured by the material progress at the time of the audit). AC reflects the literal cost of the tasks performed at a given period in time. Another piece of information needed to monitor deviations is the planned duration of the project. PV, EV, and AC curves are delineated in a time-cost space [5] . They are the basis for calculating subsequent indicators for assessment of deviations from the budget and schedule and for the forecasting of the further course of project implementation. These indicators entail Schedule Performance Index (SPI) and Cost Performance Index (CPI), Schedule Variance (SV) and Cost Variance (CV), Estimated Time at Completion (ETTC), To Complete Performance Index (BAC), and TCPI Schedule (OD) [5, 6] .
Indicators used in EVM are based on cost information. EVM, in its classic form, does not include overhead, but overhead may constitute a significant part of a construction project's cost structure. One way to include overhead within EVM is to allocate the number of staff and equipment used to a project [5] . Another extension of the method is the concept of Earned Schedule (ES). Such information provides the time in which, according to the planned schedule, the value at the given moment (EV at actual time ET) should have been reached.
Another modification to EVM is Earned Duration Management. The main indicators of this method are based on measurement of Total Planned Duration (TPD), Total Earned Duration (TED), and Earned Duration (ED) [7] . A recent study proposed, utilizing this approach, monitoring a project against the plan with use of statistical control charts in which the project performance indicators are plotted over time.
A new approach, using ex ante control charts in two stages, has been developed. In the first stage, the analysis is conducted in view of the time limits of the project, by taking into account its specific features (e.g., the data collection method, sample size per each review period, project time span, and acceptable deviations). In the second stage of the plan and the resulting limitations are confronted backwards with the actual project progress [8] .
Fuzzy estimates have also been introduced into EVM in forecasting the time and cost of project completion. Such effort is directed at improving the accuracy and reliability of the results of such forecasts [9, 10] . A fuzzy approach is proposed for planning, as it enables inclusion of the uncertainty aspect of the planned activities and simultaneous use of crashing and fast tracking in the project schedule [11] [12] [13] . Research efforts are currently focused on finding ways to improve the accuracy of forecasting within EVM [14, 15] . The possibility of monitoring the stability of EVM forecasting methods, including the stability of the cost performance index (CPI) as a leading indicator of future performance, is being explored [16, 17] .
In terms of management needs, the reporting method is an important component in controlling and monitoring the system. It should be designed so that collecting progress and cost data is optimized. The two main reporting standards of EVM, widely used in projects, are as follows:
-CPR (Cost Performance Report): a report on the project cost, designed for expensive, technologically-complex projects. It is forecasted per work package and cost account level and consists of five parts:
information about earned value as per Work Breakdown Structure (WBS) information on earned value as per functional type (project, implementation, maintenance, etc.) information on changes to the baseline information on actual and planned employment levels Collection of data and reporting as per EVM requires a considerable amount of time and creates additional costs for project monitoring. Indeed, given the large amount of information required and the need for a careful preparation of the output data, as well as the requisite of reliable collection of information in the control process, use of EVM is still associated with additional management costs [18] .
One of the current directions of research involving EVM is integration of EVM with the Building Information Modelling (BIM) method [19] . The proposed method of increasing control efficiency entails monitoring the material and cost progress of a project using the BIM 5D model with the support of the EVM platform. This integrated cost and time management system includes four modules: time and cost estimating, scheduling, visualization, and EVM. A test of the system executed in an actual construction enterprise revealed numerous advantages of integration of the information collected within the model and within EVM [20] .
The next step related to development of EVM in association with trends in the development of new tools for management of construction processes using digital technologies is the concept of BIM-based Visual Risk critical path (BIM-VRcp). BIM-VRcp combines time and cost control and monitoring with the risk in construction projects. The application of BIM-VRcp allows generation of seven value curves obtained for seven risk levels (defined as critical paths in the project schedule) [21] .
Because risk is an issue with which EVM is directly related, there are increasingly more attempts to integrate tools used in risk management and EVM [22] [23] [24] . One example involves combining EVM with a quantitative risk analysis tool-the Monte Carlo simulation [25] . Another example is utilizing two new indicators as part of the integration of EVM with project risk management tools: the risk baseline and buffers [26] .
Another interesting direction of development for EVM is complementing the scope of control and monitoring by including quality. One such concept is Earned Quality Value Management (EQVM). It is a tool affording integration within reporting of cost and time with quality in accordance with the classical model of the 'golden triangle' [27] . One other approach, based on the use of a matrix (SPI-CPI two-dimensional matrix relational charts), entails illustrating the progress of a project to address the needs of the project team so that delays can be prevented [28] .
This current study presents an application of the classical version of EVM. This particular focus was adopted because this method is not widely applied in Polish construction projects. Therefore, attention should be paid to the results of its classical application in projects implemented in the conditions of the Polish construction market.
A flowchart of the algorithm for EV analysis is shown in Figure 1 .
The dependencies between the main indicators in EVM (SPI and CPI values) are shown in Table 1 2 Case study
The focal building is a three-storey multi-family building. The underground floor houses garages, utility rooms, and storage rooms for residents. The building is constructed on a foundation plate, with walls made from blocks and reinforced concrete. The roof is a traditional purlin and rafter structure with ceramic roof tiles.
The contractor began work in November 2010, resigned in October 2011, and left the construction site without its completion. The work performed by the first contractor was as follows:
-December 2010, partly January and February 2011:
no work was undertaken due to adverse weather conditions In December 2011, a contract was signed with a second contractor. The work not completed by the first contractor (insulation of foundation walls, backfilling, roof, joinery and doors, partitions, plasterwork, floors, insulation, forging and plumbing work, painting, and facades) were now entrusted to the second. Because of the winter season, work was agreed to begin on 10 th March 2012, and the completion date was set for 31 st July 2012. A fixed remuneration for the contractor was agreed on; settlement was to take place on the basis of partial invoices. Work performed by another contractor was as follows:
-March 2012: vertical insulation of basement walls, construction of partitions, and sanitary and electrical installations were completed -April 2012:partition walls bricklaying, backfilling around the building and garage driveway, interior plasterwork, and plumbing and electrical installations were completed -May 2012: joinery and doors, partition walls bricklaying, interior plasterwork, foundations and floors, and sanitary and electrical installations were done -June 2012: foundations and floors, insulation of the attic, railings and roofing, facade work, and sanitary and electric installations were completed -July, August 2012: insulation of the attic, door joinery, railings and roofing, painting, facade works, arrangement of area outside the building, and sanitary and electrical installations were performed.
In the course of the work performed, monthly reports were created on the basis of the updated schedule, and the Earned Value analysis was performed. The results for PV, AC, and EV are summarized in Figure 2 .
Indicators of construction implementation of the first few months (Figure 1 ) clearly indicate that the work began with a slight delay. From June 2011 to September 2011, the PV curve runs parallel to the EV curve; this indicates that the scope of the work is per the plan, but implemented with the noted delay. From the November 2011, the difference between PV and EV increases, which points to the risk of increasing delays. The final cost of the project was 3,868,319.55 PLN. This metric was lower by as much as 37,031.23 PLN from the initially adopted cost of the work (BAC from October 2010). Two especially useful indicators obtained owing to EVM, are the Cost Performance Index (CPI) and Schedule Performance Index (SPI). The positive CPI and SPI values imply that the implementation, both in terms of cost and schedule, was better than planned, while the negative values infer that the planned values were not achieved. The curves of these two values during the implementation of the project are shown in Figure 3 .
The value of SPI indicates that until March 2011, only 71% of the planned work was completed. Between March 2011 and February 2012, the Schedule Performance Index decreased from 0.71 to 0.65, which means that only 65% of the planned work had been completed. Indeed, the CPI stabilized around 1.03. A value of CPI > 1 is considered a satisfactory situation. The SPI was approximately 0.08 in January 2011 and had been in a range between 1.0 and 0.16 during the last one and a half year. A value of SPI < 1 suggests that the project is behind schedule. The SPI had been increasing since March 2011 owing to improvement in the project's progress.
Another part of the project entailed road works (access roads to an industrial hall, parking lots, and sidewalks). This part of the project was planned for a four-month period. However, the actual duration of work exceeded one year months both contractors worked together. In the course of the work carried out, monthly reports were created on the basis of the updated schedule, and the Earned Value analysis was carried out. Figure 4 shows a summary of the results obtained for PV, AC, and EV.
Indicators of construction implementation of the first few months (Figure 4 ) reveal that the work began with a two-months delay. The final cost of the project was 521 000 PLN, and it was higher by as much as 211 100 PLN from the initially-adopted cost of the work (BAC from June 2006). The higher cost was a result of an underestimation of the investment duration, costs of some tasks, and major difficulties of finding subcontractors (owing to the construction market during the period under review).
The variability of the Cost Performance Index (CPI) and the Schedule Performance Index (SPI) from the com- The value of SPI indicates that until August 2006, only 60% of the planned work was completed. Between August 2006 and April 2007, the Schedule Performance Index decreased from 0.6 to 0, which means that 0% of the planned work had been completed. The CPI stabilized around 1.4 for three months. A value of CPI > 1 is considered a favorable outcome; unfortunately, the first contractor stopped work, so the second contractor was hired. In the last two months, the CPI was approximately 0.5, which is less than 1.0. The SPI was around 0.6 in August 2006 and had been in the range between 1.11 and 1.98 in September and October. A value of SPI < 1 suggests that the project is behind schedule. In the last six months, the SPI was 0 because no work was planned. As shown in Table 1 , the analyzed project was over budget and behind schedule.
A current analysis of EVM indicators shows how the actual state of project implementation deviates from the original one. The work was delayed from the very start; not only was it impossible to make up for the delay, but the delay was even further increased.
On the basis of two examples, the Earned Value Method seems logical for use only for projects of a year or longer. Only then the tendency necessary to determine the indicators related to project completion may develop.
A sensitivity analysis was conducted for the second investment. The starting point was the base scenario. The current cost (AC) was changed by + 5% and by + 10%, and the implementation time was extended by + 5% and by + 10%. Other factors remained unchanged. This allowed finding an answer to the question of what would happen to a given project if the variable assumed in the analysis was different (Figure 6 ).
In the case of a change in the current cost (AC) by + 5% and by + 10%, the SPI parameter did not change, and the CPI changes were insignificant. Changes in CPI coefficient are shown in Table 2 .
In the case of the implementation of the SPI parameter, both the SPI and CPI parameters changed (Figure 7) . Changes in SPI and CPI coefficients are shown in Table 3 .
Owing to the sensitivity analysis through individual changes, new values of SPI and CPI were obtained. The diagrams of the SPI and CPI dependence on the factors being changed were created.
Of the two factors studied, the most sensitive data were the time of completion; these should be estimated in the most accurate and probable way. 
Summary
Taking into account the planned and literal duration of the investment (about one year), the project control and calculation of EVM indicators were performed at one-month intervals. Per the four-month construction (second case study), a monthly analysis would not be recommended, because any corrective action may be too late. In both cases, progress was determined on the basis of weekly checks concerning the actual work performed. The cost of the planned work was estimated using tender cost estimates submitted before the investment began. The actual cost incurred was established on the basis of invoices paid. The project was performed by subcontractors; no employees were hired. In both cases, the actual cost incurred was anticipated to be the same as the cost provided by the subcontractor in the tender estimates. Subcontractor estimates were based on lump-sum contracts which stipulated penal- ties for failure to comply with the work schedule (0.3% of the contract value for each day of delay) and a fine for withdrawal from the contract (10% of the contract price). Unfortunately, in both cases, the initially-selected subcontractor resigned and left the site mainly due to financial problems. In the second case study, the pricing of subsequent subcontractors was, unfortunately, higher than the estimate, while the contractual penalties were almost impossible to recover. Analyzing both cases, the following conclusions can be drawn regarding the use of EVM in Polish construction projects:
-based on several parameters (PV, EV, AC), one can quickly assess the actual project status -EVM allows an early detection for errors, as well as immediate action to prevent the emergence of subsequent faults -reliability of the results largely depends on the persons involved in project planning and monitoring -EVM is best suited for projects that last more than a year -for projects lasting less than a year, more frequent project auditing and regular determination of earned value (EV) are recommended -there are possibilities of distortion of the EVM indicators (e.g., performing non-critical tasks) -future project costs can be estimated even with little project progress -a simple analysis of the CPI and SPI indicators facilitates project management.
In the case of projects in which external subcontractors and suppliers are involved, an estimation of the actual cost (AC) can be based on actually performed work and invoices issued by the subcontractor for a given settlement period. However, in the case of large construction projects with subcontractors' own work force, detailed cost determination may be more difficult. Therefore, planning, for example, a financial data flow management system is advisable. The settlement of general construction costs may also be a problem. The reliability of the results obtained largely depends on a detailed and accurate determination of the progress of the work and properly prepared base plans.
The novelty of the article results from the introduction of additional analysis illustrating the impact of factors, such as an increase in costs or a change in delivery dates to the course of deviation curves. Use of sensitivity analysis in relation to the results of the CPI and SPI calculations affords combining control and monitoring of costs and time with risk monitoring in the project. Using a combination of analysis of EV method indicators and sensitivity analysis during project implementation -when its course and dates, as well as completion costs, are forecasted -facilitates identifying events that may increase deviations from the budget and schedule. As such, more effective preventive actions are possible. The combination of risk analysis during the implementation of the project with EVM analysis is an interesting direction for further research, which may be an extension of the issue addressed in this article.
